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Most peroxisom£Li prolit'crators consist of a cnitoxyltc sroup attached lo a hydrophobic bacicbone 
yielding an amphipatiuc carboxylate mokcuic The tespecave CoA deiivauves of pcnixisomal pn>- 
liferators* formc-d by Al H-dcpcildcnl Ci>A ihtocsicriiicaiion cauily/.ed by long^hain-ocyl-CoA syn- 
ihiiHc. have been repenrpdly considmd as the Immediate inducers of peroxisome and other genes. 
In this study, the putative requiretneitc for prior CoA (hiocstcxification of peroxisomal prolifei'acors 
wtts evaluated by analyzing the induced expiession of a lepoiter plx^tnid pnimmed by the peroxi- 
somal acyl-CoA-uxiddsc pronKm in cells imn^ienrly cotrunsfecred with expression vectors for the 
pemxisitme-proliferator-activated receptor and the long-chain-aeyl-CoA synihasc. Transcnpttonal 
tki.fivuUon oi peroxisomal ucyUCoA oxidase by peroxisomal proliferatois was uthtbited iii die pnm- 
cncc of transfcctcd ftmctiooal acyl-CoA syndiase. 'Ilie iiihibiuvy cITcci was negaiivcly correlnted 
wich die coiiaciiy o{ the aey) crtiA ^ynrhuse to catalyze CoA diloesteriflcation of the respective 
pniliferutor. HencR, the immediate inducer is the peroxisomal proHferator free acid rather than dvs 
Ksp^-h'vc CoA dcxivuiivc or u metabolite dedved from die peroxisomai-proIiferator-CoA miemiedl- 
ate 



"I he number of livAr peroxisomes may be markedly 
Increased in rodents and some other .tpccics by native long- 
chain tatty ucids or xcnob;ouc aryloxyaikanoic fibiatcs. sub- 
sdtutcd long^haia dicaiboxyiic acids« phihalaie or mlipute 
pltufucucm and other cHectnr^ collectively defined as pe^- 
(>xi<»ome pmhfemtnrs 11. 2j. The increase xn peroxisomes is 
accompamcd by d dUFeicndal inducuoa of specific peioxi* 
somal [e.g acyl-CoA oxidase (AOX)| and mm-peroxlbomul 
(c g. cyi(x:hromc f45() IV A6) proteins accoonted for by per- 
oxisonial-proliferator-lnduced transcriptional activation of 
the Fcspccdvc genes f31. IVatiscnptional octxvauun exerted 
by peroxisome prollferators has been recently lound to be 
mediated by a new member of the sierofd/thyroid hormone 
a-ccpKir 'iuperfamily. namely the peroxisome-prolifcrator-ac- 
livalcd receptor (PPAR) f4. 5). PPAR may //-tms-activaic 
tnxnscnption by bmduig w sequence specilic peroxisomul- 
piohfciaior-rciiponsc clcmenu; (PPRE) in the 5'-flanking pro- 
mcuers of the concerned genes f6~31. However, the putative 
bmdmg oi peroxisome proLiferatois to PPAi^ suil remains 
unclear [4]. 

Corrtspon/Uftce to I Bar-l^ia. DeparUDcnt of Human Nuuidon 
and MctaboliJint Faculty of Medicine, The Hebrew Univenity. P O 
Box 12272. II.-91120 Jemsfll^m. Israel 

AbhiVinations- AOX, peroxisomal acyl-CoA u^ubsc; PPAR, 
piiujusumc-proMnilor-ucaytttcd receptorc PPRE, peroxisomc-pro- 
Ufcrator response element; Wy-t4/>45, [4-i:hloro-6-<2J-xyUdino)- 
2-pynniirtinylthio}-aceuc acid; natenopin. 2-mcihyl-2-[p(l,2J.4- 
retrahydrol-naplxtiiylhplwaoAyl-pnvionit: acid; bczafihratfi, 2-(4- 
(2-|4-dilonjlien/jmutu]-ethyi)phenoxy]-2 methyl-propanoic OCid. 

rntyme Loag<hain-acyi-CoA synthase (f^C 6 21 3). 



Tn 4pire of theu appureiU :ilructurui heterogeneity |1, 2|, 
peroxisome prolifemtors may tie cbaracteuzed by a common 
smicmml feataie (0). Indeed ixujsi peroxisome prolifeniuir^ 
consist of a cartjoxy lie gniup uLueheci to a hydrophobic bacic- 
borie yielding nu aix^hipttiiuc cuiboxylatc molecule. The car- 
boxylic funcdon may either be present mitially [e.g. in moxt 
fibrau: dnigK. /7^-teinimeihylhexadecanedlolc acid, and na* 
tive long-chain liitty acxdsl or may be derived by metabolic 
conversion of the respective prodrugs (e.g. uadenol ami 
phihalatc plaHtici7Br9) into the active proliferator (e.g. diear- 
boxylic thia acid and 2-ethyIhcxanoic acid). The ftee carbox- 
ylic acid or a metabolite diereof may thus he direcdy in- 
volved in die tnducLive proceiss [9J. 

Peroxlsome-proUferator-CoA derivatives, rnxhtc dian die 
respeedve free acids, have indeed been repeatedly comsidered 
as Lhe immediate inducers nf peroxisomes and the leievant 
genes. These suggestions were first inttinred due to lhe le- 
ported pcmxisome-prolifcintive capacity of native long-chain 
ially acids [9, 101 taken togedier with die central n>le played 
by long-chain fuity-acyi-CoAs rad^r than the respective free 
acids in iutty-acid metabolism. Furthermore, recent ubscrva- 
tions concerning die ^tubstrate availability of xenobiotic am- 
phipathic corboxylares for the iong-chain*acyl'CoA synthase 
(11-14J, the indttcdon of die long-ehain-acyl-CoA synihu.sc 
by penixisome pcoUferators {151 and the role played by die 
foniied CoA dexivatives m moduladog protein-Unase C ac- 
tivity [16], In formmg xenubicuie rmxcd lipids [17] or xeao- 
biodc acylated (M-otelns fl81, apparendy corroboniied (he 
putative role suggested for pergxisome-prolifcmiur-CoA, m 
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a icnvitivc thereof, m inducing transciiptiomii Irci/tr-activa- 
Liurt of pero;ii$ome and other genes. Lack of eyiOeiice foi 
djciprt binding ol' Fn» pctoxisome prolifciator to PPAR [41, 
in contrast to the gcncn^l paradigm for other members of 
die steroid/thy i-oid hon-ncttie reccptot superfnmily, could be 
fuilhei considered as aii inthciiLioii uf the pulaUvc Hgaiid rtde 
n\ prmxisome-pniliferntor metabolites father thaii the lespec- 
tive> &ee acid. 

Tn thix s(udy. the putative reqiiir^uieiil fur prior CoA 
UiuiciitcnriLJliun tif pruldernturs in Ihe course of prolUerator-- 
m^^iiited rmnscriptionnl acdvatioQ of peroxisomd genes was 
evaluated by analyzing chloramphenicol acAiyltransfera'^e 
exprc^tion induced hy added proMfei.ltOr in ccUs Inuislcclcd 
with lUi cxprcNsum vector lor the long-chain-acyl-CoA syn- 
thase cogecher with an expression vticuir for PPAR and a 
reporter gene con.struct consisting OJf the AOX promoter 
LnLed to diloniaiptiMucol acetyltnuisferose. 



M ATEKIAT*S AND METHODS 

(;ell culLuiv und Imnsfcction 

COS-7 cells were maintained in Dulbecco's modified 
Eagle'^ medium supplenrK^nrefi voih 10% lelul cull ^crum 
(Gibco) i'or transfcclivn, ceils were piated onto GO-inm- 
diameter dishes and transfeeted witii CsCl-punficd plasmid 
DMAs added by calcium phosphate piecipication The p-^iu- 
lactosidase evpTessxou plascnid pRSGAl (2 ^g) udded to each 
pnxipittite served an internal control for transfectton. Ceils 
were tmn^ifecrcid for 5 h, washed oiid treated wi^ ligonds 
added as iOOOx stock solutions in dimethyl sulfoxidet for 
42 h Cell cxtracut were prep.^red by fretrze/lliawing und were 
*4mytd fur /?-galucin»iida.<»e und cbloranipheiiicol-acetyi- 
trnn&fpmse activities as desoiibed [19}. Chluminphcnicol 
acecyltransferase aetivfcies (v) for individual culnu>fs were 
expressed relative to /}-gaJacrostdase activities obtained for 
the same culture. The reciprcKdl velocities (1/v) were plotted 
afiainsr the tedprocal Ugand conceairacions (l/f^U. In all 
cases, a reasoooSle linear relationship wqa obtained and data 
points were fitted to the appnopnate kmetu; ecjuatiou as pre- 
viously desciibed [20J. 

Plasmid constructs 

An expression vector for the long-chuin-acyl-CoA syn- 
ihasc WOK umsLructed hy subcloolng into tto Bluescript 
plasmid the EcoRI-Psd 2 2-Jd> segment of pRACS/5 f2ll 
(kindly donated by T Yamamoto, Japan) containicig the cod- 

rej^ion foi the iong-cham-acyl-CciA synthase Following 
ciigc5,tion of the Bluescript plasmid with Smdl and Clah the 
gel-purified 2.2-kb segment was inwtcd into the CAfV4 
ntammalian expression vector [22]. 

Ihe pSOS-HAK expression vector \4] was Wodly do- 
nated by .S. Green, England. The reporter vector for peroxi- 
somal AOX containing die 1.3-kb J-472/-129 5'-flanking 
sequence of the AOX gene linked to ddoramphemcoi acetyl- 
cronslerase (AOX FPRf.-CAT) [61 was kindly donated by 
T Osumi. Japan 

Acyl-CoA-synthasc activity 

The ability oi the long-chain-acyl-CoA synthase ex- 
pression vector tnmsfiBcted into COS-7 cells to dtreci ihu ex- 
pression of long-Choi n-ucyl«(rciA synihuse was confirmed by 
measuring the ATP/CoA-dcpendcnt formazion of (1-"*C]- 



palmitoyl-CoA [151 in freeze/thawed extracts of COS-7 cells, 
as compared with extracts derived from COS«7 cells 
transiecteti with the CMV4 vehicle vccuir only Long-chitin 
acyi-CoA synthase expression in COS-7 cclU^ ccsultcd iu u 
2 .Vfbld overall ^nc^^as^ iu [l-"*C1palniitoyi-CuA fonna- 
luHi. It IS woitlt nolm^. however, tiiat die total Increase in 
acyl-CoA-synthase activity iu succciusfully rransfcc^ cells 
IS much higher than 2-3-i'o(d Since the ucyl-CoA activity is 

average vnlue lor all celU in culture, whereas only u 
limited number of cells arc successfully transfccced. 

ATP-dependcni CoA thtoestenfican'on of peroxisome 
pmlifeiator to fhft respective Co A derivative, catalyzed m 
vitro by ntt Uvcr microsomal iong-chain-acyl-CoA synthase* 
was e>^uated using buuinol-^.xcracted free/c-dncd rut liver 
micnjjujmcs (2.^]. The activity was measured by using the 
re^tpcctive ladioactively labelled acid [15] or by fbllowiog 
die incorporation of PH]CoA (NFN) inu> the acyl-PHJCoA 
pnxiuct as described [24]. 



RESULTS AND DISCUSSION 

The putative requirement for ATP-dcpcndcnt CoA 
thioeslcriHciidon of peroxisome proiiferaloni I or mducuon of 
the pcio.xisomal AOX gene evaluated by following die 
efTeetof overexpressing the long-ehain-acyl-CoA synthase in 
a cell system engaged in PPAR-medxated tianscnption of a 
reporter gene consisting of die AOX pnrnioiisr linked lo chlor 
amphcnicol acciyttranHlvraMe (AOX PPRT-CAT), If the Im- 
raediuLe peroxtsome-proUferator inducer of AOX is the re- 
spective acyl-CoA or a derivative thereof rather than the 
respective free acid, overexpresstng the long-chain ucyl-CoA 
symhase eould be expected ui increase the inductive efficacy 
of the pnihAsrutoT os a function of its respective availability 
us substrate for the acyl-CoA synthase. However, if the im- 
metfiute inducer of AOX is the ptolifcrator free oeid, or a 
non-acyi-CoA mctaboliic dinrcily derived irom rhe free acid, 
overexpressing the long-chaln-acyi-CoA synthase eould be 
exfiected to drcrease the inductive efficacy of pcxoxisomc 
proliferotois serving as substrates for the long-cbain-acyl- 
CoA synthase. Hence, in diis smdy the efifeet of uvercxprexs. 
hig the acyl-CoA synthase un the induedve efficacy of 
peroxisome proliferators was evaluated usmg a variety of 
ptoliferators wluch are either readily available (e.g. aiachi- 
donic acid and /f^-tetramethylhexadecaiiedioK* acid) or 
poorly available (e.g. fibraoe drugs), as sulvttrates for the ac- 
yl-CoA ifynthase. 

As shown in Fig. lA und m agreement with ptevtous 
studies [10]. PPAR-medlated tronscnpdonal /ronjr-acLivunoa 
of the rtpomrAOX P PJi F-CAT amsiraci in cells locicing the 
tcansfected acyl-CoA synthase was induced by aruchidonic 
acid added to the culture medium with an apparent Km value 
for aracliidonic acid of 11.5 jxM. Tlic value fur urachi- 
donie acid as an inducer of the reporter construct wiis how- 
ever increased approximately eightfold in cells cotransfected 
with Lbe ucyl-CoA synthase. Tlie inhibition exerted by the 
transfeeted synthase wu.h ueeounted for by its function in 
catalyzing acyi-CuA IbimaUon us verified by transfecnng the 
cells with a non-productive expression vector currying the 
acyl-CoA synthaae gene in the opposite orientation. The 
for arachidonic acid under the non-productive conditions did 
not 6iStr from thai ubsetved in cells lacking the transfeeted 
^those akogedier (Fig. lA). The competitive pattern ob- 
served (Fig. lA) further indicates that inhibition of amchi- 
donic-acid-mduced AOX tconscnptional /roRS-acuvation by 
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U|NiifRaopia|(|iM*} l/(Bc*AfiljniicJ (jiM*) 

ris.1. Inhibilioii of FPAR-mcdlated Indu^On of AOX tFHJtL-CAT hj i^mXfidtMid ac^I-CciA icynUiuse. COS-V ceiU were tnuutfw^iMl 
with Che AOXFPRE drreporrer plasmid «nd the pSG5 PIM and pRSCAl fi-^aetnaidasc ttprtssian vccton u dcscxibed ui tho Matexials 
nnd Methods section, io the &U«cncc (#> or prosence of either a mnctlonal (T} or i rior>-pro<iuaivo (■) expression vccUir fnr the long 
cluia <cyl-CoA synthase Folluwing transfecaon. celU were inoubared in the pn^aiiv uf vazymg c^nccntzations of onehidanic acid (A)» 
/^^-tctiamcthytbexadccaneditiic udil (B). ^-14>643 (C), naleuopia {D\ ur bcxaCbnie (D) as indicated. The chlntamphrniuii-iioLiyl- 
traiufcrasc ac&vity (% cblorompbeniCoi acc^ylatioa} foi uidividual culCumx wais determined as described ia the Maieriols laid Methods 
iwction and was exprosscd relaiivc^ lo i^-^alactosidase acUvity (LOA^m) obiained fnr the same cvlturc (10- Use r€CipcO«;aI veloddex ii/v) 
are plotted against the recipmcal lij^and concentrations The dara pM'nts of lYciprocal plots were fitted to v cutnpeltiive pottetn as dabbed 
in Uie Material] and Methods section. One represanianve expcninciii out uT ihzcc (for anctildonic odd, /^^-lairamethylhcxadeeaiMdiOtc 
acid jnd bcnTibraie) and une espRfimenc oui oi iwo (Wy-I4,643 and oafca<>pin) ore shown. 



overexpressing the acyl-CoA syitLha^je nmy be compromised 
by satumting rhc nysicm wiA the free .ncachidoruc aod. 
Hence, the lower efAcacy nf arachulonic acid in inducing 
AOX tr^^pcioiial activation in ceJIs enriched with a Tunc- 
rioQal acyl-CoA vynihuise is due to deci«ased availabiiity of 
the hcc acid raiher than mhibittoo exerted by the arachi- 
donic-acid-Ci>A product. 

A similar competitive inhibiiocy effect of the tnmsfeeted 
acyl-CnA synthase was observed m ttie case of PJT- 
letrametbylhexadecanedtoic acid (Fig. 1 B) and [4-chloro-6- 
(2J-xylidino)-2-pyrimidinyldiio]-acetic acid (\^-H643; 
Fig iC) The r., values for ^^-tecraiQClhylhcxadecaneUioic 
acid and Wy-14»(i43 ^ pfTOXisome pxollfcrators were 



Inoteascd approximately 4— Mold in cells ovcrexprtsstns 
the acyl^^CoA synthase. 

The inhibitory el&ct of the tr«nnsfected aeyUCoA syn- 
chuae was, howevcte less pronounced upon inducing the 
PPAR^meUiatcd cransctiptlonal rmLT-aclivatitin of the AOX 
FPRE-CAT conauucL by fibrate drugs which seive as poor 
subsiFQtes for die long-ehain-aeyl-CoA synthase [11] Thus, 
overetpiesstng Che iune<hain-acyl-CoA s^diase to an 
extent resultinc In (j^-S-lold ixihibtUort of the inducrtive efiS- 
cades of eimer arachidonic acid or ^,^-(ctr«Pcttiyl- 
hexadeeanediofC aad resulted in only 1 —^.S-fold inhibition 
111 the inductive efficacy of 2-rncibyi-2-[;7( 1 ,23,4-retrahydio- 
l-naphihylhphenoxyl-propionie acid (nafenoptn. Fig. ID) or 



ntliUr 1. TnhlbJtioii of PPAK-mcUbtt^d liidn^^dou of AOX PPRE-CAT by transfectcd &cyl-CoA syiithiise a^s u function of CoA 
tUiovstcriCcfltiou caiHUicy Willi the rapvvtivo pcruxisomc proUforator. flraiisfection coiiOiUo(U> wcrv aii described in the Muieu&ls and 
McOjud^j section iUiU Uic kijwiU wmg 1 values fyr die ni«pccuve peioKiioine ptuUfcroior in die abscacc ( ) and presence ( + ) wl* 
IranrtfecLed acyl^CoA :4ynihit:{e were denvcd fmm the nUed curves of Fig 1 A E. 'Die rclutive chIbIyIic cnpocity i.t expnes3rd.iJ5 the muximid 

CoA thi<vstcrifiC3non vdwry for the respective peroxisome pmlifemmr nf laflve to rhe vftloeity wiih pulixucate using mt lVv<jr microsonM] 
loni!<ham-6itty-acyi-CoA synthajc 1 tic iciativc maxunai velocities for aracbidonic aad and nafenopin have been previously reported In 
and [11]. respectively. MEDTCA 16. tecramcchylhcxadcctmcdtotc acid. 
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2-t^2-[4-chlorobcnzainidol-cthyl)phcnoxy1-2 methyNpro- 
panoic acid (bczjifibntc; Fig. \ E). 

The values for die rcspecuve peroxiJiomc pnihlemtoP! 
in cells inin.Hlectcd and non-mnsfected with rhe acyl-CoA 
symhnse are summarized in Table 1 together with the relative 
V;,^ values for the respective hgands as subsuatcs for airyl- 
CoA formation catalyzed in vttm by na liver micnvsuniiU 
long thuin-acyl-C'oA synthase. The inhibitory effect of the 
transfected acyl-CoA synthase on the inductive efficacy of 
peroxisome prokferators was negatively correlaled with the 
cKtetil of CoA chuMaitcnficaiion of the FBjqiecrive prolUTecator 
(Table 1). 

The results presented in this study may indicate that tran- 
scriptional /mnj-activanon of AOX induced by peroxisome 
prolilerators is not mediated by the nsKpeciive peroxistime- 
pioiifcrator-CoA. itua cunclaMion in ctHtoborated by Che 
iibiience of a correlation between the intmceiiulfir concentnip 
tions of some arylojty peroxisomc-prolifcrator-CoAs and the 
phannacological potency of Che respccuve pnihferaunr pre- 
cuROrs [25]. Kurthurmiire, by the same line of evidence, 
other putative metabolites of xenobiotic peroxisome prolifer- 
aiurs which may be derived via the peroxisome- proUferat or- 
CoA mtemicdiates (e.g carnitine: tir glycine eKiers, mixed 
giyceroUpids, acylau^d proicias) may be similarly ruled out 
as immediate inducers of pen>xisomal AOX^ thus indicating 
ihcii ihc uniucdiule pcruxisomc-proUfcrator mducer is rather 
ihe free acid, or a dcnvative thereof, which may be denvcd 
from die free acid upon byfjassing the CoA tbioesterificadon 
opium. Considering rhft peiioxisomal AOX as a reprcitcniative 
ui genes uiduccd by PPAR raises the possibility that thi.s 
conclusion may apply to othei gcucs induced by pemxi^iome 
prulticouuni. 

r be acnvity of the tsec acid is In agreement with prcvioa^ 
studies conccnung (he induction of peroxisomal activities by 
petfluorocarboxylic or pcrfluorosulphnnic acids [26, 27]. The 
pertluoro compounds ore essendally non-mccabolic and do 
not share any metabolic pathway with amphipathic carboxyl- 
ates acting as peroxiMime pniliremu)r<i. All of tiiese mole- 
cules do however shore die common charactcriAUc of havmg 
an acidic moiety attached tr> a hydrophobic backbune. iicnce, 
die free acidic group ift presumably diiecdy involved in 
imtiatmg the Indocdve process while tlie nauire oC the 
hydrophobic badcbone dclcnniney the overall inductive effi- 



cacy, ft still ha.< to be investigated whethet induction u in- 
deed imriatAd by biadmg of the peroxisome proliferutor free 
iiad ro PPAK (fl!b«it widj low binding affinity (4)) as 3%ug- 
gested by [28] In view of the relatJon5thip oh.nerved betwi<:e(t 
the respective inductive rQicacics ul some piolilcralors 
«uid then binding alilniLie^ ro PPAR deduced by molecuiai 
modelUng Alternatively. pcitDxUonie proHferaiort could 
indijcctiy affect die affinity of PPAR for PP9£ by modula- 
ting the PPAR phosphocyUition/oxidution state rather than by 
directly binding ro the putative ligand-bmding sice The 
extreme stxuctuai diversity of peroxisome pTolifenuorH is in 
deed in contra.^t with the strict ^tnictnral Specifiaty n:quired 
for ligand binding by vanous twsmbm of the supecfomny 
leceptors. 

We (hank S Qzwiu T. Oi^uuu and 1. Yumomoto for plasmlds 
used in dus 3Utdy. This work was s upported by the fsraeH Minisoy 
(ir.«JcieiK:e. jnd Arts (NCRD-DKFZ project) 
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